The consequence of similar coordination behavior of palladium(II) and platinum(II) induced the much more interesting on the development of the antitumor palladium(II) complexe. 1, 2) The Pd(II) analogues of Pt(II) complexes, such as cisplatin or carboplatin which have been efficiently used as therapeutic anticancer drugs are the ideal models for studies of the squareplanar complex.
3) One of a recent study demonstrates a Pd(II) complex with an aromatic heterocyclic ligand, [Pd(bpy)(CBDCA)](CBDCAϭ1,1-cyclobutanedicarboxylate) has better cytotoxic activity than cisplatin against P 388 lymphocytic leukaemia cells. 4) Even the principle mechanism of its antitumor property is not known, it is known that some kinds of the aromatic heterocycles can stack with nucleobases and then enhance the complex formation with DNA, which is the target in the chemotherapy of tumor. 5) Our group have succeeded in synthesizing series of palladium(II) ternary complexes having cis-planar four coordination geometry with N and O atoms and determining their structures, in which the aromatic heterocyclic ligands, bpy and phen has been structurally clarified as bidentate N, NЈ ligands and CBDCA, catechol or 2,3-naphthalenediol as the dianionic bidentate O, OЈ ligands. [6] [7] [8] As a continued research, we aimed to characterize the coordination modes of Pd(II) ternary complexes of the aromatic heterocyclic bidentate N, NЈ ligand with a dianionic pyridinedicarboxylate and its structural analogue, benzenedicarboxylate ligand.
By this reason, in this study, we have synthesized Pd(II) ternary complexes of the aromatic heterocyclic ligands, phen and bpy, with pyridinedicarboxylate ligands, 2,6-PDCA, 2,3-PDCA and their analogous benzenedicarboxylate ligand, PHT. And the structures of the following four ternary complexes ( Fig. 1 PDCAs are naturally occurring catabolites of amino acid or bacteria, and they might contribute to the ability of bacteria to degrade synthetic PHTs. 9) Many kinds of transition metal PHTs complexes have been reported, but its Pd(II) complexes have not been clarified yet.
PDCA, PHT). The typical synthesis is described below: [Pd(phen)(2,6-PDCA)] · 4H 2 O (1): 2 mg (0.01 mmol) phen was mixed with 2.5 mg (0.01 mmol) Pd(II) acetate in 5 ml DMF solvent for about 15 min. Then 1.9 mg (0.01 mmol) 2,6-PDCA was added to such mixture and reacted for no less than 30 min. The yellow solution was placed at the room temperature and kept for slow evaporation. Two weeks later yellow needlelike crystals suitable for X-ray diffraction studies were obtained from mother liquor.
[Pd(bpy)(2,3-PDCA)] · 3H 2 O (2): 1.7 mg (0.01 mmol) bpy was mixed with 2.5 mg (0.01 mmol) Pd(II) acetate in 5 ml DMF solvent for about 15 min. Then 1.9 mg (0.01 mmol) 2,3-PDCA was added to such mixture and reacted for no less than 30 min. The light yellow solution was placed at the room temperature and kept for slow evaporation. One week later light yellow needle-like crystals suitable for X-ray diffraction studies were obtained from mother liquor.
[Pd(phen)(PHT)] · 2.5H 2 O (3): 2 mg (0.01 mmol) phen was mixed with 2.5 mg (0.01 mmol) Pd(II) acetate in 5 ml DMF solvent for about 15 min. Then 1.9 mg (0.01 mmol) PHT was added to such mixture and reacted for no less than 30 min. The yellow solution was placed at the room temperature and kept for slow evaporation. One week later yellow needle-like crystals suitable for X-ray diffraction studies were obtained from mother liquor.
[Pd(bpy)(PHT)] · 1.5H 2 O (4): 1.7 mg (0.01 mmol) bpy was mixed with 2.5 mg (0.01 mmol) Pd(II) acetate in 5 ml DMF solvent for about 15 min. Then 1.9 mg (0.01 mmol) PHT was added to such mixture and reacted for no less than 30 min. The light yellow solution was placed at the room temperature and kept for slow evaporation. One week later light yellow needle-like crystals suitable for X-ray diffraction studies were obtained from mother liquor.
X-Ray Crystal Analysis The X-ray measurements were made on a Rigaku RAXIS RAPID diffractometer with a graphite monochromatised MoKa radiation (lϭ0.71069 Å) using w scan mode. A summary of the crystallographic data and structure refinements is given in Table 1 . The data were corrected for Lorentz and polarization effects. The structure was solved by direct methods 10) using the Crystal Structure 11) software package. The refinement was performed using SHELXL-97. 12) All H atoms except those of water molecules were located from difference Fourier maps and placed at idealized positions and treated as riding, with C-H distance of 0.93 and U iso (H) values equal to 1.2 U eq (C) (U eq is the equivalent isotropic displacement parameter for the pivot atom). 
116.1 (5) ecule in compound 1, H13, H15 atom of water O6 molecule and H18, H19 atom of water O7 molecule in compound 3, H15, H16 atom of water O6 molecule in compound 4 are disordered. The water O7 molecule in compound 3 was refined as half occupancy. For these disordered H atoms of the solvated water are difficult to be located in Fourier map, their locations are calculated according to the positions of the corresponding acceptor atoms.
The other H atoms were found in Fourier map and were treated as riding as well as the disordered H atoms. The detailed H-bond data are listed in Table  6 . The final atomic coordinates, anisotropic displacement coefficients, bond lengths, bond angles, torsion angles of non-H atoms, and the atomic coordi- 
Result and Discussion
In complex 1 shown in Fig. 2 , the Pd(II) atom has a distorted square-planar four-coordination geometry and is bonded to two heterocyclic N atoms and one pyridine N atom and one carboxylate O atom from 2,6-PDCA dianion. Another carboxylate group does not contribute to the coordination. In the square-planar coordination, atoms Pd1, O1, N1, N2, N3 deviate by Ϫ0.051(1), 0.076(2), Ϫ0.084(2), 0.084(2), Ϫ0.109(2) Å, respectively, from the mean plane through these five atoms. The overall structure of complex 1 is slightly twisted with the dihedral angle between the N1 368 Vol. 53, No. 4 In the crystal packing of complex 1, the typical p stacking interaction is present between the adjacent molecules at (ϩX, ϩY, ϩZ) and (2ϪX, ϪY, 1ϪZ), as shown in Fig. 3a . The five membered chelate ring Pd1-N3-C13-C12-N2 (ϩX, ϩY, ϩZ) completely overlaps to the same chelate ring (2ϪX, ϪY, 1ϪZ) with the interplanar distance of 3.484(2) Å between the adjacent rings, although the direct p stacking interaction are not present. At the same time, the other five-membered chelate ring Pd1-N1-C1-C6-O1 in one complex molecule also overlaps to the neighboring phen ring (2ϪX, ϪY, 1ϪZ) with the interplanar distance value of 3.384 (3) ϭ2-(2-hydroxyphenyl)-2,2Ј-bipyridine). 13) In complex 2 shown in Fig. 4 , Pd(II) atom has a distorted square-planar four coordination geometry. Pd(II) atom is bonded to two N atoms from the bidentate bpy ligand and one carboxylate O atom and one pyridine N atom from 2,3-PDCA. Another ionized carboxylate group is also uncoordinated similar with complex 1. Pd1 atom deviates from the mean square plane (N1/N2/O1/N3) by the upper distance of 0.039(3) Å comparable to complex 1. Two pyridine rings of bpy are nearly in a same plane and only twisted by 8.5(1)°. The overall structure of complex 2 is essentially coplanar, with the dihedral angles of pyridine ring of 2,3-PDCA and N1 pyridine ring and N2 pyridine ring being 11.0(1)°and 11.2(1)°, respectively. In this case, the uncoordinated carboxylate group O3-C17-O4 is almost perpendicular to the 2,3-PDCA ring with the torsion angles: C11-C12-C17-O3: Ϫ86.4(9)°and C11-C12-C17-O4: 98.0(9)°.
In the packing of complex 2, the shortest Pd(II)-Pd(II) distance is 3.543(7) Å. Although this metal-metal distance is a little longer than the shortest 3.369 Å of Pd(II)-d(II) or 3.381 Å of Pt(II)-Pt(II), 14) the weak metal-metal interaction may present. And further, as shown in Fig. 5a , the inter ring p stacking interaction occurs, in which one of the five-membered chelate ring Pd1-N3-C11-C16-O1 overlaps to an adjacent N2 pyridine ring (1ϪX, ϪY, 2ϪZ) of bpy ligand with the interplanar distance of 3.424(8) Å.
The molecular structure of complex 3 is shown in Fig. 6 . The Pd(II) atom is located in the center of a cis-square-planar geometry and bonded to two N atoms of phen ligand and two O atoms of PTH. Pd(II) atom deviated from the mean plane constructed from the N1, N2, O1 and O3 atoms by 0.062(1) Å. Pd(II) atom forms a five-membered chelate ring with phen, and a seven-membered chelate ring with PHT. The seven-membered chelate ring is largely deformed to construct a ship-shaped conformation for the two carboxylate groups, which are both shifted from the benzene plane in a nearly same degree with the torsion angles: C2-C1-C7-O1: Ϫ60.0(3)°, C2-C1-C7-O2: 122.7(2)°, C1-C2-C8-O3: 62.3(3)°and C1-C2-C8-O4: Ϫ118.5(2)°. The whole structure is completely distinct from complexes 1 and 2, with the dihedral angle of the phen plane and the benzene plane being 89.27(9)°. This means that the benzene ring of PHT places nearly perpendicular to the phen plane. Furthermore, as shown in Fig. 7a , this steric arrangement results in the neighboring molecules intersecting with each other, with paralleling phen planes being perpendicular to benzene plane in the packing. The outer planes of the adjacent phen planes stack layer by layer forming p stacking interaction along (100) axis with the interplanar distances of 3.493(3) Å and 3.500(1) Å alternately (shown in Fig. 7b ).
The structure of complex 4 is shown in Fig. 8 . It has a very similar structure with complex 3. The Pd(II) atom lies at the center of the cis-square-planar geometry, in which the Pd(II) atom is bonded to two N atoms of bpy ligand and two O atoms of PTH. It deviated from the mean plane constructed from the N1, N2, O1 and O2 atoms by 0.072(1) Å. The two pyridine rings of bpy are about coplanar, twisted only 2.74(13)°. PHT molecule is perpendicular to bpy molecule with the dihedral angles of benzene plane to N1 pyridine plane and N2 pyridine plane being 89.4(1)°and 87.9(1)°, respectively. In this case, PHT molecule shows the complete same steric geometry (shown in Fig. 9a ) as that in complex 3. The crystal structure is stabilized by the strong p stacking interaction between bpy molecules along (100) axis with the inter planar distances between the parallel bpy plane layers of 3.500(6) Å and 3.426(6) Å alternately (shown in Fig. 9b) .
The hydrogen-bond networks are indicated by dashed lines in the packing figures involving the disordered water molecules, and the data are shown in Table 6 . In 1, shown in are linked to each other by intermolecular hydrogen bonds. Moreover, O5 atom acts as a donor to O4 and O4 (Ϫ1/2ϩX, 1/2ϪY, ϩZ) atoms, as well as O8 atom providing H atoms to O2 (3/2ϪX, 1/2ϩY, 1ϪZ) and O3 (Ϫ1/2ϩX, 1/2ϪY, Ϫ1ϩZ) atoms, which resulting in the complex molecules connected along a and b axis. In 2, shown in Fig. 5b , the overall complex molecules are stabilized by the O5-H12 · · · O4 and O5-H13· · · O4 (1ϩX, ϩY, ϩZ) along a axis together with the p-p interaction running in the same direction, and by the O7-H14· · · O3 (1ϩX, ϩY, ϩZ) and O7-H15· · · O4 (2ϪX, 1ϪY, 1ϪZ) in c axis. In 3, shown in Fig. 7b , O5 atom and disordered O6, O7 atom each plays an important role in the hydrogen bond network to form chains along a and c axis. Especially O7 water has only half occupancy in relation to O7 (1ϪX, ϪY, 2ϪZ) atom locating at its symmetry position. In 4, shown in Fig. 9b, O5 atom is located in a special position in the unit with the coordinate parameter (0, 0, 0.5) which is the symmetry center of the O6 and O6 (ϪX, ϪY, 1ϪZ). The main hydrogen bonds exist among the hydrated water molecules, while another hydrogen bond O6-H17· · · O4 (1/2ϪX, Ϫ1/2ϩY, 1/2ϪZ) adjoins the related complex molecules. In all compounds, there is more than one water molecule in the crystal unit, and all of the water molecules participate in formation of the hydrogen bond network, which can be classified to two types: one is the intermolecular hydrogen bond between the hydrated and disordered water molecules, by which the water cluster around the Pd(II) moiety is stabilized. Another is the intermolecular hydrogen bond between the water O atoms and the carboxylate O atoms from the ligands. For this type of interaction, each compound is stabilized along two dimensional directions, together with the significant p-p interaction between the paralleling layers.
The coordination bond distances indicate that cayboxylate O atom either in PDCA ligand or in PHT ligand (in this case, one of the O atom) has the strongest interaction with Pd(II) atom with the bond Pd-O distance value ranging from 1.964 (1) 15) Cu(II) 16) or Zn(II), 16) with lanthanoid metals such as La(III) 17) or Ce(III) 18) or with an alkaline metal such as Li(I), 19) 2,6-PDCA behaves as the dianionic tridentate ligand, in which two O atoms of the two carboxylate groups in both sides of N atom and the pyridine N atom are bonded to the metal ions. Therefore, in the presence of other bidentate N, NЈ heterocyclic ligands, phen and bpy, the tridentate 2,6-PDCA behaves preferably as a bidentate N, O ligand. In complex 2, although the two carboxylate groups located in neighboring positions to each other, they do not participate in the coordination at the same time. Similar coordination mode is observed with the case of the metal complexes of 2-pyridinecarboxylic acid (2-PCA) or its analogues compounds. [20] [21] [22] This is also similar with the crystal structures of the transition metal complexes of 2,3-PDCA such as Ni(II), Mn(II) 23) or Co(II), 24) in which 2,3-PDCA behaves as a bidentate ligand providing N atom and one of the carboxylate O atom at ortho position against N atom. In the common case, Pd(II) atom needs the two coordinate atoms in ortho positions to each other to form four coordination geometry and a five-membered chelate ring. This is remarkably distinct from complexes 3 and 4, in which PHT includes two ortho carboxylate groups.
The chelate angles N-Pd-O for 2,6-PDCA (complex 1) and 2,3-PDCA (complex 2) are very resemble to each other, but larger than those N-Metal-O angles appeared in the square planar coordination geometry of the usual transition metal complexes: 2,6-PDCA with Cu(II) (18) , 74.50 (7) Although two carboxylate groups have the same geometry environment in PHT, their coordination force is slightly different. They respectively act as a strong donor and a weak donor in both complexes 3 and 4. Although as reported in almost all cases, the phthalate dianion acts as a bridging ligand using O atoms from both carboxylate groups, in complexes 3 and 4 it contributes to the coordination as a bidentate O, OЈ ligand, distinct from its Cu(II), Zn(II) and Co(II) complexes. [26] [27] [28] These results suggest that the Pd(II) atom coordinate easily to the pyridine N atom than the carboxylate O atom, and also to O atoms of two carboxylate groups in ortho positions to each other.
Characteristically, the molecular packing patterns in complexes 3 and 4 are very similar in such a way that the heterocyclic ligand layers are alternately arranged parallel to each other along a axis and these layers themselves are stabilized by strong p stacking interaction. In these complexes, due to the peculiar structure of the PHT dianion, the two carboxylate groups are nonplanar with themselves and with the benzene ring. When two O atoms from two carboxylate groups in ortho-position participates the coordination, the basic coordination is that two moiety intersect with each other at near 90°This coordination mode is easy to form parallel layer with the adjacent molecules intervening with each other and thus avoid the steric hindrance. This mode is different from the complexes 1 and 2, in which the five-membered chelate ring formed by Pd(II) atom and the heterocyclic atoms mainly conform the packing effect.
Conclusion
The coordination modes of Pd(II) with the different ligand atoms, N atoms of the aromatic heterocyclic ligands, and N and O atoms of the dianionic pyridine dicarboxylate ligands and benzenedicarboxylate ligand have been structurally clarified. The interaction between Pd(II) atom and ligand atoms are discussed including the packing effects. The structural features characterized in this study are useful for further investigation of the biochemical behavior of the Pd(II) complexes.
